Dielectrophoresis (DEP) is a physical effect that generates a force on a polarisable particles experiencing a non-homogeneous electric field. It has been shown that this effect depends on the electrical properties of that particle, i.e. the electrical permittivity and conductivity. In the past, DEP-based techniques were applied to measure the electric properties of one or several cells at a time. The results showed that the measure of electrical properties by DEP is very sensitive to noise. However, further improvements are possible by generating more information from the experiments: this paper presents a rapid automated system that measures the DEP spectrum from a large population of cells with a low level of noise using the microwell electrodes, and a method of analysis that provides additional information about the electrical properties of the cells and a new theoretical approach was developed to obtain accurate, bias-free results in under five minutes.
Introduction
Dielectrophoresis (DEP) is a physical phenomenon occurring wherever a polarisable particle is under the influence of an inhomogeneous electric field. According to its electrical properties, the particle moves along the direction of the electric field gradient in the direction of an either increasing or decreasing gradient: this behaviour has been defined as positive and negative DEP respectively. DEP can move particles over distances from a few micrometers to several millimetres by the use of appropriately designed electrodes. Measurement of the DEP force as a function of frequency allows extraction of cellular electrophysiological data, and has been shown to be useful in a range of settings from analysis of cancer cells [1] [2] [3] to cellular apoptosis [4, 5] and the action of drugs on bacteria [6, 7] .
The theory behind DEP has been developed extensively since its discovery [8] [9] [10] [11] . As the charges on a dipole experience Coulomb forces under the influence of an electric field, so will charges around a sphere experience similar forces under the same conditions. The charge distribution around a sphere due to the electric field can be approximated at the first order by a dipole-like distribution. The analytical expression of the magnitude of this equivalent dipole is expressed by a frequency-dependent factor called the 'Clausius-Mossotti factor' (CMF); its representation along with the frequency is often referred to as the 'DEP spectrum'. The force exerted on the particle by the electric field can be approximated by the interaction between the dipole described by the CMF and the electric field. This has been widely developed in the literature cited above and the expression of the resulting force, called the 'DEP force', is commonly expressed as:
( ) Where DEP F is the DEP force experienced by the particle, a is the radius of the particle, ε m is the electric permittivity of the surrounding medium, ε 0 is the electric permittivity of the free space, ω is the frequency, A number of methods have been employed to determine the DEP spectrum of a population of particles in suspension. Cell counting techniques consists of counting the number of cells collected at the surface of an electrode after a given time [14, 15] Since the motion of the entire population is examined over a wide frequency range, this approach offers the advantage of allowing insight into both membrane and cytoplasm, and can also be used to distinguish between different populations with different cytoplasmic conductivities [4, 15] It only requires a microscope, an electrode and a signal generator. Another more common technique measures the DEP force by monitoring the displacement of cells at different electric field frequencies with a camera and a tracking algorithm. The different positions of the cell provide the speed, and at the micron-scale the viscosity of water is so high that the speed is proportional to the force exerted, i.e. the DEP force. Then, by comparing the model to the data, the electric properties are retrieved [16] [17] [18] . Several laboratories have used this approach to demonstrate the feasibility of the measure of cell properties by DEP, which can be an interesting alternative to the more complex and expensive patch-clamp method.
In practice, variation between cells means that a large number of them must be measured in order to obtain a statistically significant result, and this is not always feasible with the methods described above because of the limitations of the tracking algorithm and visibility. In addition, planar electrodes also create very local electric fields, so that cell migration is very fast at the vicinity of the electrodes but is much slower everywhere else. Hence, the data collection for a 20 points spectrum can take up to an hour per sample. Since eukaryotic cells contain highly ionic cytoplasm and are suspended in low-conductivity solutions during the measure, there is a risk that ion exchange across the cellular membrane leads to a reduction in cytoplasm conductivity during the experiment, thereby creating artefacts in the results.
The define problem can be partly solved by using a 3 dimensional electrode such as a microwell electrode [19, 20] . The electrical field generated by this structure extends far enough from the edges to provide detectable signal after a 1s application of the electric field making the acquisition much faster. It also takes advantage of a larger volume than in the planar electrode configuration, so the result is an average over several thousand cells, which makes the result more statistically significant for the measurement of a sample. The experimental time can be reduced further by automating the process. In this paper, we present a device developed for cell handling and data acquisition for DEP measures, providing a final acquisition time of 5 seconds per data point in the DEP spectrum, using a frequency band of 1kHz-20MHz and a signal amplitude of up to 20Vpp. A typical spectrum acquisition lasts less than five minutes.
DEVICE IMPLEMENTATION

Instrument controls and data acquisition
The ideas described above were implemented in a machine that consisted of a fluid distribution unit that injected the sample to be analysed into the microwell, a mechanised unit that held the syringe and manipulated it, a valve that stopped the flow during the measure, an optical unit that took the measurements, and an electronic board connected to a PC that controlled the overall. The electrode used for generating the DEP force was a microwell encapsulated inside a plastic frame, as presented in Figure 1 , and linked to the syringe by PTFE pipes (1/32' inner diameter) and connected to the signal generator (FG100, Digimess®) and the oscilloscope (IDS710, Iso-tech), both controlled via serial port. A 2-position valve (Rheodyne 6-way valve distributor, model 7900-508-1) was used to stop the flow in the chip during the measurements. The microwell was monitored through a microscope equipped with a camera (16-bit Dolphin F145b, AVT). All devices were controlled from a PC using a software developed with MATLAB R2006a (The Mathworks, Natick, USA), which included the data acquisition and analysis.
The system operated in a programmed sequence. The resuspension unit drew the cell suspension into the well and stopped the flow during the measurement. The signal generator then activated at a frequency selected at random among a list given by the operator (in order to account for changes in environmental conditions over the duration of the experiment), and the camera recorded the change in light intensity across the well. The amplitude of the voltage was also monitored using the oscilloscope in order to detect and compensate for any loss of amplitude due to capacitive effects at high frequency. The field was applied for 5 seconds, which had been measured to be sufficient for an accurate measurement of the radial displacement of cells to be measured (see section 2.7). Once the measurement was completed, the electric field was switched off and the resuspension unit refreshed the cell suspension in the well. The procedure was then repeated until all frequency points had been examined. The entire procedure took less than 5 minutes to take 20 data points. A magnetic stirrer was used to prevent the cells from aggregating and settling and to keep the cell density homogeneous over the experiment time.
Theoretical simplifications
The model of the CMF presented in equation 3 is limited for estimating the membrane properties when the membrane conductance is very low (typically below 0.1S/m) [21] ; the problem arises partly from the fact that the plasma membrane thickness of eukaryotic cells is difficult to measure, so the model has been modified for the present study. However, considering the common case that the plasma membrane thickness is much smaller than the cell radius, it is possible to perform a Taylor conductance without using the membrane thickness. Finally, it is possible to build multishell models from this approximation and to obtain finer models that account for other layers.
Microwell design
The electrode geometry for the measurement of DEP behaviour used here is called a 'microwell' because of its well shape [19, 20] . It consists in a multilayered structure of copper and polyimide sheets, with a 700µm-diameter hole passing through the layers which forms the well where the sample sits. The layers of copper and polyimide are 75µm and 125µm thick, respectively. The exposed copper in the well has been electroplated with a gold layer to prevent oxidation and for better biocompatibility.
The well is linked to two contact pads for the connection to the signal generator. A picture of the microwell chip used for the experiments is presented in Figure 2. 
Optics
The optical system consists of a Zeiss Photomicroscope II connected to an AVT Dolphin F-145b camera. The capsule with the microwell is fixed on the microscope plate so that it cannot move during the experiment. The cell activity is observed by regular image acquisitions at the rate of 2 to 5 frames per second, with a resolution of 800x600, coded on 12-bit in greyscale. The data collected is sent to the PC via a Firewire connection. In order to ensure that the motion of cells across the entire chamber is monitored, a lens is added to the optical path to set the camera's focal point to infinity so that the level of light detected by one pixel gives a measure of the absorbance along the beam path.
Samples
In order to assess the significance of the measure made by the system, a test of the machine was performed using yeast cells. This choice was made because the DEP spectrum of yeasts has been widely measured in previous work [12, [22] [23] [24] including that from our laboratory (REFS), allowing it to be used as a reference. The yeast cells 
data acquisition
The DEP force was measured on the sample at 13 different frequencies in random order between 1kHz and 20Mhz, i.e. 3 points per decade. For each frequency the acquisition lasted 5 seconds with the application of a 15V peak-to-peak AC signal at the electrodes. With such parameters, one full spectrum took less than 5 minutes to measure. In order to check the repeatability, 14 spectra were acquired for comparison.
One of them is shown in Figure 3 together with a best-fit spectrum constructed using the simplified shell model outlined in Equation 4 , adding an extra shell. The fit was performed with Matlab, using the fit function from the fitting toolbox with the options 'Robust' using the Gauss-Newton algorithm. The results are presented in Table 1 along with the results from previous works found in the literature. The curve fitting algorithm also provided a 95% confidence bound which are reported between brackets on Table 1 .
Image processing
Data processing is a critical point in this system and needs particular attention. Unlike a method which relies on the direct observations of cells, the DEP force cannot be measured directly from the images acquired from the well system so a model has been built to predict the images according to the DEP force.
The electric field in the electrode has been determined analytically and the corresponding expression of the DEP force has been deduced from it, using equation 1. The physical laws relevant to the study of the electric field concern the equations of an AC field for a frequency band of 1kHz to 20MHz. The minimum corresponding electric wavelength is then λ max = maximum frequency/speed of light ≈ 0.3m, which is 100 times larger than the radius of the microwell. The quasi-static approximation can then be used to describe the electric field, the material permittivity ε being changed into a complex permittivity ω σ ε ε
where σ is the material conductivity and ω the frequency,
The electric potential is then found by solving the Laplace equation in the quasi-static approximation in the cylindrical geometry, the boundary condition being the voltage on the wall of the well. This technique consists in using the Fourier transformation of the electric potential at the surface of the microwell and solving the electric field for each harmonic. We used here a linear approximation of the wall potential. In the case of the microwell geometry, this provides the following electric potential:
where L e (L i ) is the thickness of the electrode (isolator) layers, V 0 is the amplitude of the AC signal, I 0 is the Bessel function of order 0, R is the radius of the well and ω z is the spatial frequency over the z-axis defined by ) /( , it is possible to derive the electric field and to find the DEP force field for a given particle, in the dilute limit approximation:
where a, ε and ε 0 are the radius of the cell, the relative permittivity of the medium and the electric permittivity of vacuum.
The cells migration can be predicted from the law of diffusion under a force field.
Using the DEP force field expressed in Equation 6 with the Equation 7 of diffusion at low Reynolds number provides the diffusion Equation 8 under a DEP force field:
) ( 3
where c is the concentration of particles in space and η is the dynamic viscosity of water. Equation 8 cannot be solved analytically for the concentration c because of the divergence term. However the concentration is initially homogeneous so if we consider the small-time approximation we obtain the following:
The limit of the small-time approximation has been measured empirically from the data and is 0.2s to 1.5s depending on the voltage and microwell dimensions. Figure 3 shows a spectrum obtained from an average of four experiments on yeast cells measured in the conditions cited above, the error bars indicating the standard deviation between the acquired spectra. The dashed curve that appears on the figure represents the average fit using the double shell model with thin membrane approximation on the yeast spectra. The difference between the fitted curve and the data from separate yeast spectra run at 5.1x10 8 cells/ml provided an estimation of the error in the data and is presented in Figure 4 . This histogram indicated a noise level under 5% for 45% of the data acquired. A significant part of this noise was due to the discrepancy between the data and the fit below 6kHz, which is attributed to the effect of electrohydrodynamic flows, which are known to perturb DEP collection in that frequency range [25] . If this low-frequency part is removed from the histogram of the noise, then 60% of the data acquired has a level of noise under 5%. Table 1 
RESULTS
CONCLUSION
This is the first system capable of collecting substantial data across a full DEP spectrum, allowing the determination of electrical properties of cytoplasm, membrane and wall of a relatively large population of cells under 5 minutes and with a high signal-to-noise ratio and a high inter-experimental reproducibility. The method presented can measure the membrane properties more accurately than by previous works using DEP because the thin membrane approximation pushes the signal above the minimum threshold defined in the literature. Hence, the error bars on the membrane conductance and capacitance are low enough to provide quantitative data.
Such a system clearly demonstrates the potential DEP as an assay technology to determine cell electrophysiology and overcomes most problems previously associated with DEP based assays. The high degree of automation replaces the formally high cost and manpower associated with DEP assays with a simple and easy to use system that can be used as a routine tool in cell in many cell based applications. 
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